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Abstract
Major advances in the molecular diagnostics of screening tissue and blood samples have fueled the search for biomarkers and diagnostic
nanosensors that can detect abnormalities early in their development cycles. In this paper, we propose an aromatic molecular junction-based
biomarker that can trace the concentration of lead in any live sample. A nanomolecular device based on an anthracenedithiol molecule was
modeled. Its electrical transport attributes were computed using a semi-empirical extended Huckel theory combined with non-equilibrium Green’s
function formalism. We observed that the current and conductance assay had prominent changes when the molecular junction device was exposed
to variant concentrations of lead. Based on our results, we propose aromatic molecular junction-based biomarkers that can detect even minor
adulterations of lead when plied at operating voltage range.
c⃝ 2016 The Korean Institute of Communications Information Sciences. Publishing Services by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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For cancer patients, time is a matter of life or death. Tumors
must therefore be detected earlier than the advanced stage
leading to death [1]. This grave realization has generated major
advances in the area of molecular diagnostics, specifically
the screening of tissue or blood samples for tumor-specific
genomic, proteomic, and epigenetic signatures. Moreover, it
has fueled research in the area of biomarkers to detect tumors
early in their development [1]. The American Conference
of Governmental Industrial Hygienists (ACGIH) guide to
occupational exposure value-1993 noted that Pb-B should be
controlled to levels of 20 µg/dl or below 4 because women,
children, and fetuses are more sensitive to lead exposure than
male adults [2–4]. Women of child-bearing age whose Pb-
B exceeds 10 µg/dl are at risk of delivering a child with
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guideline of 10 µg/dl. The CDC concluded that the tolerance
value for reproductive-age women should be 10 µg/dl of Pb-
B8) [5–7]. On the other hand, high lead exposure is still
observed in some industries of developing countries, as well
as in small industries of the secondary smelting of lead, even in
industrialized countries [2].
The industrialization of molecular biology assay tools has
made it practical to use molecules in clinics [2]. Miniaturization
in a single handheld device in contrast to traditional diagnostic
methods has gained considerable attention of researchers
exploring molecules as biomarkers and diagnostic tools.
Recently, Nobel Laureates Jean-Pierre Sauvage, Sir J. Fraser
Stoddart, and Bernard L. Feringa successfully developed
molecular nanobots that can be sent through blood vessels, as
well as nanomaterials that can monitor vital organ health. Thus,
in a similar approach, we implemented a molecular device
based on a two probe model that can work as a biomarker to
detect the presence of lead. We modeled an aromatic molecular
junction (AMJ) comprising anthracenedithiol sandwiched
between two semi-infinite gold electrodes. When this junction
is exposed to various quantities of lead samples, it can diagnose
the presence of a tumor, which exhibits various electrical
metrics that are herein discussed.
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anthracenedithiol (ADT) molecule bridged between two gold electrodes.
2. Modeling and simulation
We employed the semi-empirical extended Huckel theory
(EHT) combined within Keldysh non-equilibrium Green’s
Function (NEGF) framework [3,4] to compute the electrical
characteristics of AMJ when exposed to different proportions
of lead. Anthracenedithiol (ADT) was intercalated between
two Au surfaces. The formed molecular junction shown in
Fig. 1 was modeled and simulated using Atomistic Tool Kit
13.8.0 [8] and its Virtual Nano Lab graphical user interface
[8]. To compute the charge transport through the model, we
used the semi-empirical transport model based on SE-EHT to
achieve accurate results with less computation time and a lower
computation cost [9, a].
In addition, Au electrodes were used as leads for electronic
current because of their high conductivity, stability, and well-
defined fabrication techniques [9, b], [10]. The concept of
an extended molecule proposed by Heurich et al. [11] was
employed in computing the electrical transport metrics to
ensure a qualitative description of charge transfer between Au
electrodes and the ADT molecule.
3. Results and discussion
The voltage-driven electron migration between two elec-
trodes is called the electron transport in semiconductor and de-
vice physics. Two important quantities that describe the effi-
ciency of electron transport are current and conductance, which
are proportional to the transmission probability of electrons
from one electrode (L) to another (R) according to the Landauer
formula suggested by Datta [12]:
I = 2e
h
 8
−8
T (E, Vb) [ f (E − µL)− f (E − µR)] dE . (1)
Here, the energy window has width V around Fermi energy E f .
T (E) denotes the transmission function, a function of energy
and f (E − µi ), i = L/R, i.e., the left or right electrode. The
conductance also relates to the transmission spectra as:
G = 2e
2
h
T, (2)
where e is the electron charge, h is the Planck constant, and
T is the total transmission probability (sum over all possible
transmission channels). T (E, V ) is the transmission function,
which can be calculated from knowledge of the molecular
energy levels and their coupling to metallic leads.
From Fig. 2, it is evident that, at a high bias voltage, both the
electrical metric current and the conductance become directlyFig. 2. (a) Current spectrum. (b) Conductance spectrum exhibited by ADT
molecular junctions under different proportions of lead exposure.
proportional to the Pb concentration. This implies that the
concentration of lead can be efficiently traced at a high bias
voltage ranging from 1.2 V to 2 V. Below this cut-off point,
the lead-doped ADT molecular junction assays the dormant
current and conductance. Thus, the model can be treated as a
lead sensor at high bias voltages. However, it exhibits diode-
like behavior during small ranges of bias voltages.
To further elucidate these conduction trends, we evaluate the
localization and delocalization of the participating molecular
orbital—the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) with changing
bias voltages. The changing position of resonant molecular
orbitals relative to Fermi energy (EF) with a change in bias
voltage accounts for the HOMO–LUMO gap (HLG) [13,14],
which is plotted in Fig. 3. While relating the slope change of
the conductance spectra for all three cases, the decreasing HLG
escalates the conductance, whereas the increasing HLG results
in petite or small conductance, as depicted in Fig. 2(b).
To understand the origin of conduction trends at +2 V, we
explored the transmission spectra at +2 V, which is plotted in
Fig. 4. As we know, the higher the number of transmission
peaks lying within the vicinity of EF and within the bias
window (BW) [15–18], the higher is the conductance of the
probed system, and vice versa. The molecular junction (MJ)
with the highest concentration of Pb atoms (shown in black
lines) displays a large density of transmission peaks inside BW
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window. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
and thus assays a prominent contribution in electrical current
and conductance at 2 V.
However, the intrinsic anthracene molecular junction (pink
lines) displays the fewest transmission peaks within BW and
hence shows the smallest current and conductance at the highest
bias voltage. Hence, we establish a strong correlation between
the transmission spectra and electrical conduction [19–24].
Molecular-projected self-consistent Hamiltonian (MPSH)
eigenstates were further examined to elucidate the change in
participation of HOMO and LUMO as the concentration of
Pb increases in the aromatic molecular junction under study.
Fig. 5 shows the MPSH eigenstates of three epochs. It is readily
apparent that the orbital density increases from a to b and
from b to c. When the molecular junction is exposed to an
environment with a maximum concentration of lead atoms,
HOMO and LUMO show the strongest coupling of Pb-doped
ADT molecule with gold electrodes. This trend decreases as
the concentration of Pb is reduced.
Thus, we established that the ADT molecular junction can
very efficiently sense the presence of Pb in the surrounding
environment at high bias voltages by escalating its electrical
conduction. Hence, this molecular device can be deployed as
a biomarker or diagnostic nanosensor in detection of cancer-
causing lead at an operating voltage ranging from 1.2 V to
2 V.Fig. 5. MPSH eigenstates of the anthracene molecular junction (from a–c) in
order of increasing concentration of Pb atoms.
4. Conclusion
An aromatic molecular junction as a biomarker was
implemented in this study. We concluded that the current and
conductance of an Au–anthracenedithiol–Au junction increases
as soon as it discovers the presence of lead in the surrounding
environment when operating at a bias voltage ranging from 1.2
V to 2 V. Moreover, we established that, as the concentration of
lead increases, it is accompanied by the corresponding increase
in both current and conductance. This escalating conduction
is justified by decreasing HLG, considerable participation
of transmission peaks inside the bias window, and high
orbital density. Thus, aromatic molecular junctions can be
implemented in nanomedical applications, such as biomarkers
and diagnostic nanosensors with consideration of their weak
cryogenic nature.
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